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Summary
Purinergic signalling has been postulated as a mechanism of cellular signalling since the early
1970s. Cellular responses triggered by extracellular nucleotides and nucleosides occur by defined
adenosine (P1) and ATP (P2) receptors, respectively, and play a prominent role in many aspects of
health and disease, including those involving the liver. In normal physiology, extracellular
nucleotides modulate many of the normal biologic and hepatic metabolic processes such as
gluconeogenesis and insulin responsiveness. Further, in multiple disease states, ATP and certain
nucleotides serve as danger signals and are involved in heightened purinergic receptor activation
in a myriad of pathologic processes. Recently, others and we have shown the regulation of
purinergic signalling by ectonucleotidases to play an important role in the acute vascular
pathobiology of liver inflammation, regeneration and immunity, as in ischemia reperfusion and
transplantation. Increased understanding into mechanisms of extracellular ATP metabolism by
such ecto enzymes has also led to novel insights into the exquisite balance of nucleotide P2-
receptor and adenosinergic P1-receptor signalling in those chronic hepatic diseases, characterized
by steatosis, fibrosis and malignancy. This review will explore the developing role of purinergic
signalling in the pathophysiology of liver disease and comment on potential future clinical
applications.
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Introduction
The purinergic signalling hypothesis, i.e. ATP acting as an extracellular signalling molecule,
was proposed by one of us (GB) in 1972. Separate families of receptors for adenosine (P1)
and ATP (P2) were recognised in 1978. Receptors for purines and pyrimidines were cloned
and characterised in the early 1990’s and receptors for ATP separated into P2X ion channel
and P2Y G-protein-coupled receptors [1]. It is now known that adenosine has A1, A2A,
A2B and A3 subtypes of G-protein-coupled receptors; of these, the A1 adenosine receptor
(AR) subtype is well characterized in cardiac, liver and fat tissues.
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Later work has defined families of ectonucleotidases e.g. of the ecto-nucleoside triphosphate
diphosphohydrolase (ENTPD) CD39 family that hydrolyze extracellular nucleotides and
ultimately generate the respective nucleoside derivatives; thereby uniquely regulating this
process of cellular signalling. Biological stressors may lead to alteration of release of
nucleotides, impact uptake of nucleosides or may decrease enzymatic functions of
ectonucleotidases [2].

The liver is of major importance for both systemic nucleotide homeostasis as well as for
local intercellular signalling within hepatic lobules, canalicular networks and the biliary
systems. The hepatocyte parenchyma, Kupffer, vascular endothelial and smooth muscle
cells, stellate cells, myofibroblasts, immune cells and biliary canaliculi (bile duct epithelia)
all express purinoreceptors.

Purinergic signalling regulates important hepatic processes such as cell homeostasis,
glycogen metabolism, bile secretion and blood flow. Because of space constraints, this
review will focus on the pathological roles of purinergic signalling in the liver, as these
relate to common disease states.

Inflammatory liver injury
Vascular injury can occur to a native liver during inflammation or with shock-like states, or
can be an acute consequence of ischemia reperfusion injury following transplantation.
Despite the dual blood supply to the liver, vascular compromise can be catastrophic.
Vascular injury induces a wide array of inflammatory responses including the release of
adenine nucleotides which drive inflammation and platelet activation [3]. Infusion of ATP
under these conditions improves hepatic function and survival after ischemia and following
reperfusion. Such interventions are associated with decreased levels of the inflammatory
cytokines tumour necrosis factor and interleukin-6 [4].

Vascular CD39 (ENTPD1) ectonucleotidase action seems to have a protective role in
hepatic ischemia reperfusion injury, potentially by generating adenosine in concert with
CD73/ecto-5′-nucleotidase. However, after hepatic ischemia and reperfusion injury, the
hepatic vascular ectonucleotidase activity is lost. Hence, deletion of Entpd1 in mice leads to
significantly increased vascular injury and decreased survival under these conditions. Wild
type and CD39-deficient mice that receive adenosine are also protected from reperfusion
injury [5]. Curiously, deletion of CD39 in natural killer (NK) cells attenuates hepatic
ischemia/reperfusion injury in mice suggesting ATP modulates innate cell functions during
liver regeneration. In this respect, NK cells that lack the CD39 gene produce less interferon
gamma in response to inflammatory mediators [6].

Pharmacologic pre-conditioning is a potential mechanism to protect against hepatic ischemic
reperfusion injury. Stimulation of ARs has been associated with liver protection from
ischemia. Interestingly hepatic ischemic preconditioning is associated with upregulation of
CD39. This is likely mediated by transcription factor Sp1, a potential therapeutic target for
the treatment of liver ischemia [7].

Regeneration
After partial hepatectomy adenine nucleotides have been noted to undergo rapid decreases in
the remnant liver. The onset of liver regeneration occurs very rapidly potentially related to
this immediate loss of intracellular nucleotides. ATP activates cell cycle progression and
proliferation of hepatocytes in vitro and in vivo and modulates growth factor activities
probably via P2Y2 receptors via paracrine signalling. In fact 30 seconds after partial
hepatectomy the ATP content of a remnant liver has been shown to decrease by 50%
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compared to control. Increased energy demands can account for some of the decrease,
however it is postulated that ATP is an immediate sensing mechanism relaying information
to the remnant liver tissue to start to regenerate [8].

Hepatocellular proliferation is impaired in P2Y2 receptor knockout mice, establishing a
trophic role for ATP in hepatocyte proliferation with implications for liver regeneration and
growth after injury [9]. Regulated catalysis of extracellular nucleotides by vascular CD39
(NTPDase1) is required for both hepatocyte and endothelial cell proliferation (sinusoidal
angiogenesis) during liver regeneration [10].

Fibrotic liver disease and cirrhosis
Caffeine is the most common pharmacologically active agent ingested worldwide and has
major effects as an AR antagonist. Caffeine may be related to the progression of hepatic
fibrosis. Epidemiologically, enthusiastic coffee drinking lessens the likelihood of death and
hospitalization from chronic liver diseases [11].

In addition adenosine partially reverses cirrhosis induced by carbon tetrachloride in rats and
impacts established micronodular cirrhosis through enhancing collagenolytic activity and
stimulating hepatocyte cell proliferation [12].

How does this occur at the cellular level? Stellate cells are present in the perisinusoidal
space of Disse. They are thought to represent the main hepatic source of extracellular matrix
components. Stellate cells exhibit responsiveness to metabolic needs imposed by liver
growth and repair by impacting extracellular matrix content. These cells interact closely
with other myofibroblastic type cells in autocrine and paracrine purinergic signaling
responses involving both nucleosides and nucleotides.

Stellate cells express functional A2A as well as P2Y receptors; furthermore, activated cells
alter the expression of P2Y receptor subtypes. Moreover, these cells regulate
ectonucleotidase expression markedly after activation. As activation of P2Y receptors in
these activated hepatic stellate cells might also regulate procollagen-1 transcription, these
may be attractive targets to prevent or treat liver fibrosis [13].

Although much interest has been directed at CD39 on sinusoidal endothelial cells and
stellate cells, the related ectonucleotidase CD39L1/NTPDase 2 may be more relevant to less
common forms of liver disease. This latter ectonucleotidase is preferentially expressed by
portal myofibroblasts and is selectively down-regulated in biliary cirrhosis [14].

Portal hypertension, hepato-renal syndrome and hepatic encephalopathy
As cirrhosis progresses the normal response to increased portal venous vascular resistance of
decreasing hepatic artery vascular resistance is decreased. The process is mediated by
adenosine in normal livers. In cirrhotic livers the adenosine-mediated vasodilatation of the
hepatic artery is exaggerated, leading to a greater impact on the hepatic arterial flow after
exposure to adenosine [15].

There is evidence for aberrant purinergic signaling in the hepato-renal syndrome. Intra-
hepatic caffeine administered via the portal vein has been shown to increase urine output in
rats. This effect was not seen with intra-venous caffeine or after the liver was denervated
[16]. This effect appears to be mediated by hepatic A1 AR. Chronic selective blockade of
putative hepato-renal reflexes via SLV329 (A1 receptor antagonist) displays both diuretic
and natriuretic effects without a change of creatinine clearance in rat models of cirrhosis
[17].
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Hepatic encephalopathy is a neuropsychiatric syndrome with either acute or chronic
impaired liver function. Adenosine influences the high-affinity uptake of glutamate and
aspartate under conditions of hepatic encephalopathy, which has therapeutic implications for
the treatment of this disease [18]

Cancer
Liver cancer is typically associated with chronic inflammatory states, which are linked to
immune dysregulation, disordered metabolism, and aberrant cell proliferation. However, in
established or disseminated metastatic malignancy ATP plays an important role as an early
danger signal to the immune system. The catalytic properties of CD39, expressed by either
immune suppressive T regulatory cells or endothelium, appear key in abrogating this
process. In generating adenosine, CD39 ectonucleotidase activities inhibit T cell
proliferation and impact immune responses while promoting angiogenesis, thus being
permissive for the growth of transplanted tumors [19] (See Fig. 1).

Both ATP and adenosine in concert alter the balance of apoptosis and proliferation deviating
cells towards malignancy. ATP infusions into the intraperitoneal space of a two-stage rat
model of hepatocarcinogenesis increase numbers of preneoplastic foci in the liver. These
manifestations are comparable to what has been observed with Entpd5 knock out mice [20].
ENTPD5/CD39L4 is a related ectoenzyme to CD39, and is a soluble endoplasmic reticulum
UDPase involved in intracellular purine metabolism, which promotes glycolysis as well as
proliferation in cancer cells via the PTEN signaling pathway. Interestingly, there are
contrasting roles of this ectonucleotidase as well as CD39 in the suppression of liver cancer
development vs. the promotion of transplanted tumor growth in mice [21].

Hepatic steatosis/steatohepatitis, alcoholic liver disease and toxins
Type 2 diabetes is associated with non-alcoholic steatohepatitis and insulin resistance.
Others, and we, have proposed that extracellular nucleotides and nucleosides serve as
“metabolokines”, suggesting functional links between inflammation and associated
metabolic derangements. Adenosine has been shown to activate A1 AR in adipocytes, which
decreases adenylate cyclase activity leading to inhibition of lipolysis. This discovery was
made using several selective A1 AR agonists as well as A1 AR knockout mice. Modulation
of the A1 AR and impacts on the regulation of lipolysis in pathological conditions where
free fatty acids play an important role and have great potential importance in many common
diseases e.g. insulin resistance, diabetes, and dyslipidemia.

We have previously established that genetic deletion of Cd39/Entpd1 worsens insulin
resistance and has a major impact on hepatic glucose metabolism. Here the effects appear
preferentially related to aberrant effects of extracellular nucleotide signaling [22]. Excessive
alcohol gestion may be associated with fatty liver. The mechanisms by which ethanol
stimulates these morphological changes remain unknown. Recent studies from the
laboratory of Cronstein and co-workers indicate that excessive adenosine generated by
ethanol metabolism plays an important role in ethanol-induced hepatic steatosis. This effect
appears dependent upon both A1 and A2B receptors. Hence, pharmacological targeting of
these ARs may be effective in the prevention of alcohol-induced steatosis and early liver
disease [23].

Hepatic inflammation with stimulation of immune cells contributes to acetaminophen
(APAP) hepatotoxicity in mice and is triggered by P2X7 receptor activation. In this model,
Entpd1 null mice exhibit enhanced P2X7 signaling and show increased APAP-induced
hemorrhage and mortality. As the use of soluble ectonucleotidases (e.g. apyrase) also
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decrease APAP-induced mortality, this suggests a potential future therapeutic intervention
for this condition [25].

Liver transplantation
Assessment of graft viability and post-transplant instability using a combination of liver
ATP levels and serum hyaluronic acid has been proposed [26]. Although human liver has
been successfully maintained under hypothermic conditions with high concentrations of
adenosine, as in University Wisconsin preservation solutions, for up to 10–14 hrs, fully
overcoming ischemic damage is a major obstacle to liver transplantation. Infused ATP also
promotes cellular recovery after ischemic injury; this action is enhanced by the synergistic
effect of superoxide dismutase [27].

Another development from purinergic signaling is the ability to monitor and predict
rejection in the post transplant allograft. The ImmuKnow assay is a measure of peripheral
blood CD4+ total ATP, which can be used to monitor immune response. In patients with
hepatitis C virus (HCV) after orthotopic liver transplant, low ATP levels in CD4+ T cells
based on the ImmuKnow assay were associated with progression to fibrosis. Thus the
greater suppression of cellular immunity, the greater the risk of development of fibrosis.
Recipients with recurrent HCV have significantly lower immune responses compared to
those with acute cellular rejection [28].

Conclusions and future directions
There are now substantial data implicating extracellular nucleotides and nucleosides in a
variety of normal metabolic liver functions. Aberrant or disordered purinergic signalling are
also components of many disease states of the liver. In terms of therapeutic strategies,
modulation of purinergic signalling via changes in nucleotide fluxes, inducing or inhibiting
ectonucleotidase actions or otherwise scavenging nucleosides may prove useful for limiting
and controlling pathological immune responses. Further, unravelling the role of adenosine in
ischemia reperfusion injury may lead to therapies for the donor liver that result in prolonged
graft survival. The development of selective agonists and antagonists for purinoceptor
subtypes that are orally bioavailable and stable in vivo might be employed for these and
other pathological conditions.
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Figure 1.
An overview of the complex interplay between extracellular ATP and adenosine. As
illustrated, purinergic signalling influences both the process of inflammation as well as
cellular regeneration. Extracellular ATP from biologic stress can incite inflammation. As
ATP is metabolized by ectonucleotidases on endothelial surfaces to adenosine, the
inflammatory response is regulated through induction of immune suppressive T regulatory
cells. This has important implications for potential therapies in malignancy and liver
transplantation.
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